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Initial studies suggested that Vav functioned as a ras-
GEF, but this hypothesis has not been substantiated by
extensive experimental studies; rather, Vav functions as
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a GEF for Rac. The guanine nucleotide exchange activity44 Lincoln's Inn Fields
of Vav is regulated by tyrosine phosphorylation: in CosLondon WC2A 3PX
cells Vav is tyrosine phosphorylated in response toUnited Kingdom
coexpression of activated src family kinases, leading to
an elevation in its catalytic activity as a racGEF (Crespo
Rho family members include RhoA, RhoB, and RhoC, et al., 1997). Physiologically, Vav is rapidly and tran-
Rac1 and Rac2, Cdc42Hs, RhoG, and TC10. These pro- siently tyrosine phosphorylated in response to antigen
teins function as binary switches by cycling between receptor ligation in T cells, B cells, and mast cells. There
the activeGTP-bound state and the inactive GDP-bound are also protein complexes formed between Vav and the
state. Three classes of regulatory proteins control the tyrosine kinase ZAP-70 or Vav and the adapter molecule
guanine nucleotide binding cycle of Rho family GTPase: SH2 domain leukocyte protein of 76 kDa (SLP-76) in
guanine nucleotide exchange factors (GEFs) promote activated T cells (Wange and Samelson, 1996; Wu et
al., 1997) that are probably important in regulating Vavthe transition from the inactive GDP-bound state to the
cellular localization and catalytic activity. The criticalactive GTP-bound conformation; GTPase-activating pro-
regulatory sites for Vav tyrosine phosphorylation haveteins (GAPs) stimulate the inactivation; and guanine nu-
not been identified, and it is not proven that antigencleotide dissociation inhibitors (GDIs) act to lock the
receptors induce tyrosine phosphorylation of Vav on theGTPase in either the active or inactive state. Activated
crucial sites that stimulate its catalytic activity. Never-GTPases are consequently able to regulate diverse cel-
theless, a role for Vav in T cell antigen receptor (TCR)lular processes by coupling to multiple biochemical ef-
function is supported by the observation that mice defi-fector signaling pathways. Immunological interest in
cient in Vav1 display defects in thymocyte positive se-Rho GTPases stems from genetic evidence demonstrat-
lection (Turner et al., 1997). Furthermore, experimentsing that Rho GTPases play a critical role in regulating
in cultured T cell lines show that overexpression of Vavcell survival, proliferation, and differentiation during lym-
dramatically potentiates TCR-mediated transcriptionalphocyte development. Moreover, in biochemical stud-
activation of the nuclear factor of activated T cellsies, regulators of Rho GTPases have emerged as impor-
(NFAT), particularly in synergy with the T cell adaptertant components of signal transduction pathways used
molecule SLP-76 (for review, Wange and Samelson,by antigen receptors, costimulatory, cytokine, and che-
1996).mokine receptors to regulate the immune response. The
CD28 Regulation of Rac/Rho Regulatory Proteinspresent review will summarize data regarding the role
Signals generated by interactions between the costimu-of the Rho family GTPases Cdc42Hs, Rac1, and RhoA
latory receptor CD28 and its physiological ligands B7-in cells of the immune system and will discuss current
1/B7-2 are critical for T cell activation. One key to under-models for the signaling networks regulating the activity
standing the ability of CD28 to modulate TCR signalof these GTPases in lymphocytes.
transduction is to identify substrates for CD28-regulated
tyrosine kinases. Vav1 was originally identified as a sub-Regulators and Activators of Rho Family
strate for antigen receptor-activated tyrosine kinases.GTPases in Lymphocytes
Interestingly, however, engagement of CD28 with B7-1A plethora of GEFs (at least 15 have been identified),
or B7-2 can induce a rapid and sustained tyrosine phos-GAPs (comprising around 10 GAPs to date), and Rho
phorylation of Vav in the absence of simultaneous liga-GDIs can regulate the specific actions of Rho family
tion of the TCR (Nunes et al., 1994; Tuosto et al., 1996).GTPases in response to extracellular stimuli. Progress
Vav is thus activated by the initial contact between Tin understanding the upstream signaling pathways that
cells and antigen-presenting cells (APCs). Moreover, acontrol the function or cell localization of these regula-
unique protein complex consisting of tyrosine phos-tory proteins has highlighted their potential to link Rho
phorylated Vav and tyrosine phosphorylated SLP-76 as-GTPases to immune stimuli.
sembles in TCR-triggered and CD28-costimulated TThe Regulation and Function of Vav1
cells. Vav/SLP-76 complexes are thus integrating sig-The best characterized Rho family GEF in lymphocytes
nals initiated by the TCR and CD28 and hence are goodis Vav1, which is specific for Rac and is regulated by
candidates to couple these receptors to Rac signalingtyrosine phosphorylation. Vav1 is a 95 kDa protein with
pathways in T cells (Figure 1). A second clue that CD28src homology (SH) 2 and SH3 domains and a Dbl homol-
is linked to the regulatory networks that control the activ-ogy region, which is a characteristic marker of GEFs for
ity of Rho family GTPases has come from characteriza-Rho family GTPases (for review, Collins et al., 1997).
tion of proteins that are tyrosine phosphorylated by
CD28- but not TCR-activated tyrosine kinases. Thus,
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ligation of CD28 with B7-1 and B7-2 induces tyrosineitsa.ucsf.edu).
phosphorylation of a 62 kDa adapter protein, now identi-²Present address: Department of Microbiology and Immunology,
fied as p62dok (Nunes et al., 1996; Carpino et al., 1997;University of California San Francisco, San Francisco, California
94143-0414. Yamanashi and Baltimore, 1997). This protein contains
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Figure 1. Adapter Protein Signaling Units Integrate Signals from the TCR and CD28 Leading to the Activation of Ras and Rac/Rho Effector
Pathways
The adapter Grb2/SEM5 has an evolutionarily conserved role in activation of Ras. In TCR-activated cells, the Grb2 SH2 domain interacts with
a 36 kDa tyrosine phosphorylated protein. Grb2 is complexed via its SH3 domains to at least two proteins, the rasGEF Sos and SLP-76. SLP-
76 and p36 are selective substrates for TCR-activated protein tyrosine kinases and are not phosphorylated in response to CD28 ligation.
TCR triggering induces transient tyrosine phosphorylation of Vav, whereas CD28 stimulation leads to stable Vav phosphorylation. Tyrosine
phosphorylation of Vav apparently stimulates its racGEF activity. CD28 ligation also induces tyrosine phosphorylation of p62dok, which forms
a complex with p120 rasGAP and p190 rhoGAP. TCR and CD28 function in synergy, leading to a sufficient immune response. Signaling
complexes that could integrate the information from the combined activation of the TCR and CD28 include SLP-76/Vav complexes containing
stably tyrosine phosphorylated Vav. In addition, the TCR-specific and the CD28-specific effector pathways described above contribute to the
activation of Ras- and Rac/Rho-effector pathways.
a pleckstrin homology (PH) domain and forms a protein D-3 phosphoinositide products of PI3K are sufficient to
induce Rac- and Rho-mediated cytokeletal responsescomplex with p120 rasGAP and p190 rhoGAP (Figure
1). Current models for the involvement of p62dok in the in fibroblasts (Reif et al., 1996). PI3K thus has the poten-
tial to couple immune receptors to Rac/Rho signalingregulation of Rho family GTPases are based on the as-
sumption that tyrosine phosphorylation of p62dok will pathways controling actin cytoskeleton rearrangements
in lymphocytes. These responses will be important formodulate the cellular distribution of associated rasGAPs
and rhoGAPs and sequester these negative regulators lymphocyte motility, cell±cell contacts, and cell adhesion.
away from active Ras and Rac molecules, thereby pro-
longing the activation of Rac or Rho effector pathways.
The ability of CD28 to regulate Vav tyrosine phosphory- Rac1 Mediates Ras-Induced Signaling
Pathways in Lymphocyteslation in combination with its link to p62dok illustrates
that CD28 isuniquely coupled to the regulatory networks Rac1, Cdc42Hs, and RhoA are important mediators of
Ras-induced cell transformation and DNA synthesis (Sy-that control theactivity of Rho family GTPases (Figure 1).
The Role of Inositol Lipids in the Regulation mons, 1996). The GTPase Ras plays an essential role in
lymphocytes: Ras function is important for thymocyteof Rho Family GEFs
Rho family GEFs characteristically consist of a catalytic development and regulates the positive selection of thy-
mocytes (Swan et al., 1995). Ras also couples antigenDbl homology domain flanked by a PH domain that is
critical for GEF function (for review, Cerione and Zheng, receptors to the signaling pathways that regulate the
activity of NFAT (Genot et al., 1996). Ras signals are1996). PH domains selectively bind polyphosphoinosi-
tides, and these interactions have the potential to modify thus critical for cytokine gene induction in peripheral
lymphocytes; notably, defects in the activation of RasGEF activity allosterically and induce relocalization of
the protein to specific subcellular locations or defined signaling pathways have been linked to T cell anergy.
For induction of cytokine genes in T cells and mast cells,areas of the plasma membrane (Rameh et al., 1997). For
example, the amino-terminal PH domain of T lymphoma it is apparent that the coordinated action of multiple Ras
effector pathways is required (Genot, et al. 1996; Turnerinvasion and metastasis protein (TIAM-1), a GEF for Rac,
shows selective binding for phosphatidylinositol 3,4,5- and Cantrell, 1997). One well-established Ras effector
is Raf1, which regulates MEK/ERK2 kinases. However,trisphosphate (PI[3,4,5]P3). PI(3,4,5)P3 is generated by ac-
tivated phosphatidylinositol 3-kinase (PI3K), and TIAM-1 the actions of Ras in lymphocytes cannot be explained
solely in terms of a Raf1/MEK/ERK2 pathway as a Rasmay therefore be recruited to the plasma membrane as
a consequence (Rameh et al., 1997). Activation of PI3K effector system. Rather, a Ras effector pathway medi-
ated by Rac1 has a critical role in the Ras signalingresulting in elevated cellular levels of PI(3,4,5)P3 is a
common response to the triggering of antigen receptors pathways that couple antigen receptors to NFAT in T
cell and mast cells (Genot et al., 1996; Turner and Can-and costimulatory molecules, such as CD28 in T cells
and CD19 in B cells; hematopoietic cytokines, such as trell, 1997). Precedence for functional links between
GTPases exist in Schizosaccharomyces pombe, whereinterleukin-2 (IL-2), IL-4, and IL-7, also stimulate PI3K
(Ward et al., 1996). In this context, experiments with a direct interaction between Ras and Rho family GEFs
has been observed: Ras1 binds directly to Scd1, a GEFconstitutively active PI3K mutants have shown that the
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for Cdc42. A similar hierachical cascade could occur component of the signaling pathways used by IL-7 to
control cell survival. It is proposed that IL-7 regulatesin lymphocytes where activated Ras could bind and
modulate the catalytic activity of a racGEF. A second survival signaling pathways in thymocytes by controlling
cellular levels of Bcl-2. The cellular deficit in Rho2 thymipossible model could involve GAP proteins: p190 rho-
GAP functions biochemically as a GAP for Cdc42, Rac, can be rescued by expression of the survival protein
Bcl-2; it is therefore tempting to speculate that Rho actsand Rho and functions to terminate signals from these
GTPases. In a variety of cells, including lymphocytes, a as an intracellular link between the IL-7 receptor and
the events that control expression or function of Bcl-2complex comprising p190 rhoGAP and p120 rasGAP
has been described (Nunes et al., 1996; Carpino et al., family proteins.
Cdc421997; Yamanashi and Baltimore, 1997). Indeed, in cells
lacking p120 rasGAP, tyrosine phosphorylation of p190 For Cdc42, like Rho, there is little direct biochemical
data indicating its role in lymphocytes. However, geneticrhoGAP in response to receptor triggering is reduced
(van der Geer et al., 1997). Interactions between acti- analyses indicate its importance for lymphocyte func-
tion. The coordinated regulation of the actin cytokeletonvated Ras and p120 rasGAP could physically sequester
p190 rhoGAP, preventing its interaction with Rho family is important for cell motility and for T cell interactions
with epthelial cells and APCs and thus for T cell activa-GTPases, thereby promoting their activation.
tion. Studies using activated and inhibitory mutants of
Cdc42Hs (V12Cdc42Hs and N17Cdc42Hs, respectively),
Function of Rho GTPases in Lymphocytes have provided strong evidence linking Cdc42Hs to the
Rac regulation of the cytoskeleton in hematopoietic cells:
There are several functional or genetic studies that sup- Cdc42Hs can control TCR-induced cytoskeletal changes
port the biochemical data indicating that Rac plays a in cell polarization. In particular, Cdc42Hs function is
critical role in lymphocyte activation. First, defective cy- essential for regulating T cell polarization toward APCs
tokine gene expression in activated peripheral T cells (Stowers et al., 1995), a process that is critical for effi-
is observed in mice deficient in Vav1, the Rac GEF, cient T cell±APC contact and the directed release of
indicating a role for Rac in these critical antigen and cytokines. This concept has been consolidated by ob-
costimulatory receptor responses (Fischer et al., 1995). servations that the genetic defect in Wiscott-Aldrich im-
There are also defects in thymocyte positive selection munodeficiency syndrome (WAS) patients maps to an
in Vav12/2 mice (Turner et al., 1997). Second, in vitro effector protein for Cdc42Hs, termed WASp (Kirch-
experiments with activated and inhibitory Rac mutants hausen and Rosen, 1996). Overexpression of WASp
in T cell and mast cell lines show unequivocally that leads to clustering of actin. It is possible that WASp
Rac function is essential for transcriptional activation binds actin directly or indirectly through its carboxy-
of NFAT, providing one good explanation for the Rac terminal domain resulting in the accumulation of actin
signaling requirement in cytokine gene induction (Genot at certain sites in the cell, this process being initially
et al., 1996; Turner and Cantrell, 1997). triggered by the activation of Cdc42Hs. The defects in
Rho WAS patients include cytoskeletal and cell activation
There is no direct biochemical information about Rho abnormalities in lymphocytes. WASp-deficient cells have
activation (GTP occupancy of Rho) in lymphocytes. Nev- a paucity in microvilli on the cell surface and poor re-
ertheless, there is compelling genetic data showing that sponse to protein antigens, possibly due to defective T
Rho function is important in lymphocyte biology. Most cell±APC interactions.
advances in understanding the cellular function of Rho
are based on the targeted expression of Clostridium Multiple and Independent Cdc42, Rac,
botulinum C3-exoenzyme. This enzyme specifically ADP- and Rho Effector Pathways
ribosylates Rho molecules, preventing their interactions In the past couple of years a burgeoning number of
with downstream effectors molecules: its use has impli- effectors for Rho family GTPases have been identified
cated RhoA in integrin-mediated adhesion (Laudanna in yeast two-hybrid screens, genetic analyses, or affinity
et al., 1996) and lymphocyte-mediated cytotoxicity (Lang column purifications (for reviews, Tapon and Hall, 1997;
and Bertoglio, 1995). Inactivation of Rho function in the Van Aelst and D'Souza-Schorey, 1997). The minimal
thymus has also been achieved by thymic targeting of consensus Cdc42/Rac-binding motif stretches over 18
a transgene encoding C. botulinum C3-transferase, allow- amino acids and is referred to as CRIB motif (Cdc42/
ing assessment of the function of Rho in normal T cell Rac interactive binding).CRIB motif±containing proteins
biology (Henning et al., 1997) (Figure 2). Thymocytes that include theserine/threonine kinase family of p21-associ-
lack Rho function show selective proliferative defects ated kinases (PAK) and mixed-lineage kinase 2,3 (MLK-
during T cell development that severely impair the gen- 2,3), the tyrosine kinase p120Ack, and WASp. However,
eration of normal numbers of thymocytes and mature there are also proteins that associate with Cdc42/Rac
peripheral T cells (Gallandrini et al., 1997). Notably, in but lack a CRIB motif. Examples are POR1 (partner of
CD441/CD251 pro±T cells and CD442/CD251 early Rac1), p67phox (component of the NADPH oxidase com-
pre±T cells, Rho regulates cell survival (Figure 2). The plex found in phagocytic cells), MEK kinase (MEKK)-
survival of these cells is normally controlled by IL-7 1,4, or phosphatidylinositol 4-phosphate 5-kinase (PI4P
(Akashi et al., 1997; Maraskovsky et al., 1997). The thy- 5-kinase). As yet, no consensus Rho binding motif has
mic phenotype caused by loss of Rho function resem- been identified. Putative effectors for Rho include three
bles the one caused by a loss in components of the IL-7 serine/threonine kinases, protein kinase C±related ki-
nase 1,2 (PRK1 and PRK2) and Rho-associated coiledreceptor signaling complex, suggesting that Rho is a
Immunity
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Figure 2. Positioning of Rho Family GTPases in Thymocyte Development
T cell development within the thymus involves an ordered sequence of differentiation and proliferation. Analysis of thymocyte development
can pinpoint crucial roles for intracellular signaling molecules. The coreceptors CD4 and CD8 and the molecules CD44 and CD25 provide key
markers for the different stages of thymopoiesis: CD42CD82 double negative (DN) cells make the transition to mature CD41 or CD81 single
positive (SP) cells via an intermediate CD41CD81 double positive (DP) stage. Mature a/b TCR complexes control the processes of positive
and negative selection and thus regulate a crucial thymic checkpoint, the differentiation of CD41CD81 DP to mature CD41 or CD81 SP
thymocytes. The GTPase Ras has a critical role in the TCR-mediated processes of positive selection. Mice deficient in expression of Vav, a
Rac selective GEF, have a similar defect in thymocyte positive selection implicating Rac in this response. Commitment to the T cell lineage
together with the initial waves of proliferative expansion occur within the early thymic progenitor population, the CD42CD82 thymocytes. A
loss of Rho function results in loss of survival responses in CD441CD251 (pro±T cells) and CD442CD251 (early pre±T cells). There is also
evidence for cell cycle defects in CD44-CD25- cells (late pre±T cells) implicating Rho in preTCR function.
coil±containing protein kinase (p160ROCK), structural pro- integrin structures. Cdc42, Rac1, and RhoA are respon-
sible for distinct patterns of actin reorganization. RhoAteins like rhophilin and proteins with unknown function
such as rhotekin and citron, and the recently described regulates the formation of actin stress fibers and focal
adhesions, and Rac1 controls lamellipodia formationmammalian homolog of the Drosophila melanogaster
diaphanous protein, p140 mDia (for review, Narumiya et and focal complex assembly and subsequently can ac-
tivate Rho-mediated cytoskeletal changes. Cdc42Hsal., 1997).
Analysis of the immunological role of these Rho family first triggers induction of microspikes and filopodia but
consecutively can induce Rac- and Rho-mediated re-effectors is at an early stage. As discussed, genetic
defects in WAS map to WASp, an effector protein for sponses (Nobes and Hall, 1995). Current models thus
allow Cdc42Hs, Rac, and Rho to have unique functionsCdc42Hs. There is also immunological interest in the
PAK family of serine/threonine kinases, which can inter- in control of the actin cytokeleton but importantly link
these GTPases in a linear cascade in which Cdc42Hsact with activated Rac GTPases. This interest stems
from observations that the Nef protein,which is essential stimulate Rac1 responses, which in turn initiate RhoA
responses in controlling the organization of the actinfor efficient viral replication of HIV retroviruses, specifi-
cally associates with PAK-like p62 and p72 serine/threo- cytoskeleton (Nobes and Hall, 1995).
As discussed, there is good genetic evidence fornine kinases (for review, Cullen, 1996). Cdc42 and Rac
are thus implicated in the regulation of HIV replication Cdc42 regulation of the actin cytoskeleton in lympho-
cytes; fibroblast models would therefore predict that(Lu et al., 1996). Defining the signaling networks cen-
tered around the PAKs is therefore an important area Cdc42Hs would initiate Rac- and Rho-controlled cy-
toskeletal changes in lymphocytes. In this context, aof investigation relevant to the biology of HIV infections.
Examples of additional Rac/Rho effector pathways with link between Rac and the maintenance of the actin cy-
toskeleton, and cell attachment in lymhocyte biology ispotentially significant roles in lymphocytes are high-
lighted below. suggested by studies of TIAM-1. TIAM-1 is a GEF with
selectivity for Rac and was identified as an invasion andTarget of Rac and Rho: The Actin Cytoskelton
The first biological function for Rho GTPases estab- metastasis-inducing gene in T lymphoma cells (Michiels
et al., 1995). This highlights the potential of Rac to belished in fibroblasts was the dynamic organization of
the actin cytoskeleton and the assembly of associated a critical regulator of lymphocyte motility. Nevertheless,
Review
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Figure 3. Model for the Independent Regula-
tion of Different Rac Effector Pathways
Certain receptors only stimulate a subset of
Rac-mediated responses such as cytoskele-
tal rearrangements. A current model would
predict that these receptors only stimulate a
selective population of racGEFs coupling to
the subset of Rac molecules that interact with
effector molecules regulating the actin cyto-
skeleton. An example are receptors that are
potent activators of PI3K. The production of
D-3 phosphoinositides could recruit racGEFs
in the proximity of the plasma membrane, trig-
gering Rac-mediated cytoskeletal responses
but not the activation of MAP kinase path-
ways. The recruitment of racGEFs could
be mediated by binding of their PH domain
to D-3 phosphoinositides. Second, racGEFs
could activate alternative pools of Rac/effec-
tor complexes leading to MAP kinase activa-
tion pathways. Receptors that activate more
than one Rac-controlled effector pathway
could induce secondary signals, which allows
specific racGEFs to stimulate more than one
pool of Rac/effector complexes. An example
would be Vav: the Rac exchange activity of
Vav is regulated by tyrosine phosphorylation,
andVav can stimulate both the Rac-mediated
cytoskeletal responses and the Rac-con-
trolled MAP kinase cascades. Note that in
this model, only GEFs are taken into account
as regulators of Rho family GTPase activity.
However, regulatory mechanisms will be
more complex and most likely also involve
GAPs and GDIs.
studies on TIAM-1 regulation of the actin cytoskeleton et al., 1997). These studies have generated a model that
have been performed exclusively in fibroblasts, and a links antigen receptors to Rac, then to JNK, and finally
general model for Rac and Rho control of the actin to transcription factors involved in cytokine gene induc-
cytoskeleton in lymphocytes has not yet been estab- tion. The details of this model need to be resolved before
lished. This isa neglected but important facet of lympho- it can be validated. At present, MEKK-1,4 are the stron-
cyte signal transduction, but it must also be emphasized gest candidates to couple Rac to the JNK/p38 MAP
that Rho GTPases control a variety of cell responses, kinases (Fanger et al., 1997). There are also two provisos
including regulation of gene transcription and cell cycle about this model: first, it is not meant to imply that
progression. The role of Rho GTPases during these re- activation of MAP kinases is the sole function for Rac
sponses is likely to be distinct to the one in maintaining in cytokine gene induction; second, there are Rac-inde-
the actin cytoskeleton. In this context, it is essential to pendent pathways for activation of JNK/p38 (Fanger et
note that multiple effectors exist for activated Cdc42, al., 1997). It remains thus a formal possibility that Rac
Rac, and Rho. Some of the effectors regulate the actin and the JNK/p38 function in parallel to regulate cytokine
cytoskelton, but others have quite different functions. gene expression.
Potential effectors important for lymphocyte biology are Target of Rac/Rho: PI4P 5-Kinase
introduced below. One other target for the action of both Rac and Rho that
Target of Rac: The Mitogen-Activated
would have major impact on lymphocyte biology is PI4P
Protein Kinases JNK/p38
5-kinase (Tapon and Hall, 1997). Evidence in nonlym-
Rac is important for cytokine gene regulation in lympho-
phoid cells indicates that Rac1 and RhoA can regulate
cytes. One distal effector pathway that could explain
inositol lipid metabolism via a mechanism mediated bythe role of Rac during this process involves the mitogen-
PI4P 5-kinase. This allows Rac1 and RhoA signals toactivated protein (MAP) kinases JNK/p38, which are ac-
regulate cellular levels of D-5 phosphoinositides, par-tivated by cytokines; the FceR1 in mast cells; the B
ticularly phosphatidylinositol 4,5-bisphosphate (PI[4,5]P2).cell antigen receptor in B cells; and by the combined
This lipid is a crucial molecule in antigen receptor signal-triggering of TCR and CD28 in T cells. Substrates for
ing pathways in lymphocytes. First, its hydrolysis by thethese MAP kinases include transcription factors such
action of phospholipase C members generates inositolas ATF-2, c-Jun, and Ets family proteins. There is evi-
1,4,5-trisphosphate and diacyglycerols that regulate in-dence for functional coupling between Rac and the JNK
tracellular calcium and protein kinase C, respectively.pathway in lymphocytes: expression of active mutants
Second, the phosphorylation of PI(4,5)P2 by PI 3-kinaseof Rac can induce the JNK/p38 pathway in T cells. More-
generates PI(3,4,5)P3, which in turn can be dephosphory-over, FceR1 activation of JNK in Cos cells, a heterolo-
gous model cell system, is dependent on Rac (Teramoto lated to produce phosphatidylinositol 3,4-bisphosphate.
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These phosphoinositides and their products are impor- immune function, including regulation of cell survival,
cell cycle progression, adhesion, and cytokine gene ex-tant modifiers of intracellular signal transduction path-
ways at multiple stages of lymphocyte activation and pression. However, our understanding of the exact
makeup and biological function of the effector pathwaysgrowth. It will be important to define whether there is
direct coupling between Rac and Rho and lipid kinases that mediate these cellular responses of Rho GTPases
in lymphocytes remains fragmentary. Studies of RhoAin lymphocytes.
function in thymocyte development have indicated that
there arenot universal outcomes of activating Rho familyRac-/Rho-Dependent Effector Pathways Can Be
GTPases but rather unique responses in different cellSelectively and Independently Activated
populations. This notion is likely to be a common theme,A fundamental feature of the biology of Rho GTPases
and it is conceivable that the pleotropic functions ofis that receptors do not uniformly activate all cellular
Rho GTPases can be explained by the diversity of theirpathways mediated by a certain GTPase. Moreover, dif-
different effectors. The outcome of Rho family GTPaseferent GTPaseeffectors can function independently. The
activation by various immune stimuli will be determinedevidence that different Rac effector responses can be
by the unique expression patterns of different effectorindependently initiated stems from studies using Rac
molecules in distinct cell types. A future challenge willproteins with point mutations in their effector-binding
be to characterize the expression patterns of effectorsregions, which results in selective loss of function (La-
for Rho GTPases in lymphocytes; these studies will bemarche et al., 1996). In particular, two Rac mutants,
the key to understanding the mechanisms for the gener-RacL61A37 and RacL61C40, exclusively interact with
ation of signaling heterogeneity in different lymphocytedifferent effector molecules. RacL61A37 is able to initi-
subpopulations.ate JNK activation but does not induce cytoskeletal re-
arrangements. Conversely, RacL61C40 does not acti-
Acknowledgmentsvate JNK but can stimulate actin polymerization and the
generation of lamellipodia. Moreover, RacL61C40, but
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the manuscript. K. R. was supported by a Boehringer Ingelheim
NIH3T3 cells. Similar mutational analysis of Cdc42 has Fellowship.
also confirmed the existence of signaling pathways that
independently signal to the JNK MAP kinase cascade
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